Abstract Resting skeletal muscle has a preference for the oxidation of lipids compared to carbohydrates and a shift towards carbohydrate oxidation is observed with increasing exercise. Lactate is not only an end product in skeletal muscle but also an important metabolic intermediate for mitochondrial oxidation. Recent advances in hyperpolarized MRS allow the measurement of substrate metabolism in vivo in real time. The aim of this study was to investigate the use of hyperpolarized 13 C lactate as a substrate for metabolic studies in skeletal muscle in vivo. Carbohydrate metabolism in healthy rat skeletal muscle at rest was studied in different nutritional states using hyperpolarized [1-
Introduction
To meet its energy demands resting skeletal muscle has a preference for the oxidation of lipids compared to that of carbohydrates but with increasing exercise intensity, a fuel shift is observed from lipid towards carbohydrate utilization and during intense exercise nearly 100 % of oxidative capacity is used for the oxidation of carbohydrates (Brooks and Mercier 1994; Brooks 1998) . Lactate concentrations in skeletal muscle and plasma are known to increase during exercise, and skeletal muscle is a major producer of lactic acid in the body.
However, lactate is not only the product of anaerobic metabolism but also a source of pyruvate, and resting skeletal muscle is even viewed as the most likely primary consumer of lactic acid as a respiratory fuel (Gladden 2004; Roth 1991; Brooks 2000) . Lactate enters the cell via monocarboxylate transporters and by free diffusion at higher concentrations ([10 mM) (Poole and Halestrap 1993; Juel 1991) . Changes in cellular lactate concentrations are affected by the cytosolic redox potential, thus affecting production and utilization of pyruvate. In the cytosol it is transformed into pyruvate by lactate dehydrogenase (LDH) and pyruvate is converted to alanine via alanine transaminase (ALT) (Fig. 1) . Pyruvate is shuttled into the mitochondria and transformed via pyruvate dehydrogenase (PDH) into acetylCoA, a key entry molecule for the tricarboxylic acid (TCA) cycle. The flux through PDH also results in the formation of CO 2 which equilibrates with bicarbonate. These aforementioned metabolic pathways can be studied using 13 C magnetic resonance spectroscopy (MRS), and lactate, being a simple carbohydrate, has previously been used as a substrate for carbohydrate metabolism in resting skeletal muscle and was shown to be readily oxidized (Bertocci et al. 1997; Bertocci and Lujan 1999) .
Only the most abundant metabolites can be detected by conventional 13 C MRS in vivo. Recent developments in hyperpolarized 13 C MRS allow for the detection of less abundant metabolites by increasing the signal-tonoise ratio by several orders of magnitude (ArdenkjaerLarsen et al. 2003 ). However, pyruvate, which has been the most widely used substrate for hyperpolarized 13 C studies of carbohydrate metabolism, has some disadvantages. Hyperpolarized pyruvate administration results in supraphysiological levels and pyruvate also influences the oxidation of other metabolic substrates. Excess pyruvate of *10 mM inhibits the oxidation of palmitate as well as lactate (Yoshida et al. 2007 ). Conversely, *10 mM excess lactate fails to inhibit the oxidation of palmitate and pyruvate (Yoshida et al. 2007 ) and does not influence the uptake of glucose, alanine output, or the glycogen store up to *30 mM (Gladden et al. 1994 ).
Lactate does not influence the metabolism of other substrates, and endogenous lactate exceeds cytosolic pyruvate concentrations by an order of magnitude. Another benefit of using lactate as a hyperpolarized 13 C substrate is that the formation and detection of the pyruvate resonance can be used directly as a marker of the intracellular 13 C concentration. This can be used as a reference for scaling the signals of the downstream metabolites alanine and bicarbonate, which then become independent of the initial polarization level. The applicability of hyperpolarized [1-
13 C]lactate as a metabolic substrate has recently been demonstrated (Chen et al. 2008) and was used to measure the activity of LDH in tumors (Kennedy et al. 2012 ) and changes in the flux through PDH in hearts subjected to dichloroacetate treatment (Mayer et al. 2012) . The aim of this study was to explore the use of hyperpolarized [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]lactate as a suitable probe for investigating carbohydrate oxidation in skeletal muscle in vivo. To determine the sensitivity of hyperpolarized lactate metabolism to metabolic changes, two nutritional situations were studied: the fed and fasted states. 13 C]lactate was mixed with d 8 -glycerol in a 2:1 weight ratio to a concentration of 4.0 M with a final radical concentration of 50 mM. The solutions were rapidly frozen in liquid nitrogen to form 2 ± 0.5 lL beads that were inserted into a sample cup which was further cooled to 1 ± 0.05 K in a 7 T custom-designed DNP polarizer (Comment et al. 2007) , where the 13 C nuclei were dynamically polarized with microwave irradiation (197.25 MHz and 55 mW) for 90 min, with a buildup time of 60 min. Using an automated process, the sample was rapidly dissolved using 6.0 mL of pressurized, heated D 2 O and transferred within 2 s following dissolution to a separator/infusion pump, containing 0.6 mL of PBS and heparin, located inside a 9.4 T horizontal bore magnet Comment et al. 2007 ). Subsequently, 1.5 mL of the hyperpolarized solution at physiological temperature and pH was automatically infused into the animal during 8 s. The 13 C polarization level at the time of the injection was 17 ± 2 %.
Animals
All animal studies conformed to institutional guidelines. Wild type male Sprague-Dawley rats (293 ± 19 g) were anesthetized with 1.5 % isoflurane in oxygen. A catheter was placed into the femoral vein for intravenous delivery of the hyperpolarized solution. A second catheter was placed in the artery to monitor the blood pressure, to measure glucose and lactate concentrations, pH, PCO 2 , PO 2 and bicarbonate concentrations. Plasma samples were taken before the experiment, right after the hyperpolarized [1-
13 C]lactate injection and at 5-10 min intervals thereafter. The respiration rate and temperature were monitored and maintained constant during the experiment. Two groups of animals were studied, fed animals (n = 5) and fasted animals (n = 5). The animals in the fasted group were fasted overnight by placing them in a clean cage without food the evening before the experiment, starting at around 5 pm. This resulted in a fasting period of about 16 h. All animal experiments were performed in the morning. Each animal was injected three times consecutively with [1-
13 C]hyperpolarized lactate. The lactate injections did not significantly change the physiology of the animal in terms of pH, PCO 2 , PO 2 , bicarbonate and glucose levels (Supplemental Table 1 ). Lactate concentration changes are described in the results section.
In vivo magnetic resonance spectroscopy
Measurements were carried out on a 9.4 T/31 cm actively shielded animal scanner (Varian/Magnex). A custom-made radiofrequency (RF) hybrid probe consisting of a 10 mm diameter 13 C surface coil and two 10 mm diameter 1 H surface coils placed in quadrature was positioned over the hind leg of the rat for transmission and reception, localizing the signals from the skeletal muscle. Acquisition of gradient echo proton images confirmed the correct position of the coils to probe the gastrocnemius muscles. Shimming was performed to reduce the localized proton line width in a voxel of 6 9 10 9 10 mm to 20-30 Hz using FAST-ESTMAP (Gruetter and Tkac 2000) . The NMR console was triggered to start acquisition at the beginning of the automated injection process, 6 s after dissolution of the hyperpolarized sample. Series of single pulse acquisitions were recorded using 30°adiabatic RF pulses (BIR-4) applied every 3 s with 1 H decoupling using WALTZ-16. Typically 40-60 FIDs were acquired with 4,129 complex data points over a 20,000 Hz bandwidth. The adiabatic pulse offset and power were calibrated to ensure a 30°e xcitation pulse for all observed metabolites in the entire tissue of interest. Following data acquisition, 200 lL liquid samples were extracted from the separator/infusion pump to precisely determine the infused [1-
13 C]lactate concentration using a high-resolution 400 MHz MR spectrometer (Bruker, Fällanden, Switzerland).
Metabolite extraction and NMR spectroscopy
Wild type male Sprague-Dawley rats (n = 6) were anesthetized with 1.5 % isoflurane in oxygen. They were divided in two groups, either fed or fasted overnight. Metabolite extraction and 1 H spectroscopy was performed as described in (Duarte et al. 2007 ). In brief, skeletal muscle tissue was excised, placed immediately in liquid nitrogen and stored at -80°C until extraction. Water-soluble metabolites were extracted with 7 % (v/v) perchloric acid (PCA) and dried with a sample concentrator (SpeedVac DNA 120, Thermo Fisher Scientific, Wohlen, Switzerland). The dried extracts were dissolved in D 2 O (99.9 % D, Sigma-Aldrich) and 1.2 mmol sodium fumarate (Sigma-Aldrich) was added as internal standard for quantification by 1 H NMR spectroscopy. 1 H NMR spectra were acquired on a 14.1 T DRX-600 spectrometer equipped with a 5-mm cryoprobe (Bruker BioSpin SA, Fällanden, Switzerland) to determine alanine concentrations in the tissue samples. Peak areas were quantified by curve fitting in jMRUI.
Data analysis
The resonance peaks of the infused substrates and their corresponding metabolic products were assigned according to their chemical shifts.
13 C NMR time courses were summed for the time period during which the hyperpolarized [1-
13 C]lactate resonance had a signal-to-noise ratio higher than 5 (typically 16 spectra satisfied that criterion). On average this corresponds to the time interval from 9 to 57 s after the injection, in both animal groups. The resulting summed spectra were fitted to Lorentzian line shapes using Bayesian analysis (Bretthorst 1990 ). These summed integrals were used to determine the ratios of one substrate relative to the other. Metabolite time courses were obtained by applying a 10 Hz line broadening on the raw data, followed by fitting in jMRUI (Naressi et al. 2001) . Statistical differences between the ratios of observed metabolites were calculated using a two-tailed t test for unpaired data with equal variance. Error bars in figures and in the manuscript indicate ± standard error of the mean (SEM) unless otherwise indicated.
Results
Carbohydrate metabolism was studied in healthy resting skeletal muscle in vivo in fed and fasted animals using hyperpolarized [1-
13 C]lactate. Overnight fasting resulted in a 30 % decrease in plasma glucose and a 41 % decrease in plasma lactate compared with animals which were fed ad libitum (Table 1) (Fig. 2a) that within seconds, lactate was transformed into pyruvate in the cytosol. The 13 C MR signal of the [1-13 C]lactate resonance increased due to perfusion of the substrate into the tissue, and decayed with time as a consequence of a combination of the loss of spin polarization related to the longitudinal relaxation time, the loss of longitudinal magnetization due to repeated RF excitations and the metabolic conversion of lactate to its downstream metabolites. The 13 C MR signal of the other metabolites increased due to metabolic conversion, and decreased due to repeated RF excitations and relaxation processes. Although in principle these parameters need to be taken into account to obtain quantitative measures of kinetic rate constants by means of mathematical modeling, it was shown that kinetic rates obtained from the mathematical modeling of metabolite time courses are directly proportional to calculated metabolite ratios .
The observation of bicarbonate in summed spectra (Fig. 2b) indicates that part of the labeled pyruvate was transported into the mitochondrion for subsequent oxidation in the TCA cycle. The time evolution of the signal integrals of lactate, alanine, pyruvate and bicarbonate (Fig. 3) show that alanine attained higher signal intensities compared to pyruvate but the maximum was reached at a later time point compared with pyruvate in all experiments. On average, alanine reached its maximum at 28 ± 4 s and pyruvate at 22 ± 4 s in the fed state (±standard deviation). In the fasted state, the maximum for alanine was reached at 28 ± 3 s and for pyruvate at 22 ± 2 s. There were no significant differences in the time to maximum for both metabolites in both metabolic states. The linewidths of detected 13 C resonances were on average 22 Hz. The injected lactate concentration was between 100 and 250 mM. After a rapid elevation to 8.2 ± 1.5 mM following the delivery of the hyperpolarized solution, the arterial lactate concentration returned to its baseline level within 20 min (Supplemental Figure 1) . The resonance of 13 C bicarbonate was absent in animals which were fasted overnight (n = 5). In the fed group (n = 5), bicarbonate was only detected in nine out of fifteen experiments because of the low SNR in experiments with lower lactate dose. In both groups, the same relationship was observed between the SNR of the lactate signal and the injected dose.
Spectra were summed according to the criteria mentioned in the Methods section and there was no significant shift in the time interval used for summing between the fed and fasted state. The summed signals were expressed relative to [1-13 C]lactate, and also to the two other intracellular 13 C enriched metabolites, namely [1-13 C]pyruvate and [1-13 C]alanine. These ratios are independent of variations in the initial polarization level of [1-
13 C]lactate. Comparing fed and fasted states, the bicarbonate signal was undetectable in the fasted group (p \ 0.0005), whereas the ratio of bicarbonate to lactate in the fed group was 0.0029 ± 0.0005 (Fig. 4a) . The ratio of bicarbonate relative to pyruvate was 0.10 ± 0.02 (Fig. 4c) and the ratio relative to alanine 0.04 ± 0.01. The ratio of pyruvate to lactate increased marginally from 0.030 ± 0.002 to 0.034 ± 0.002 (p \ 0.2, Fig. 4a ) and alanine decreased significantly from 0.072 ± 0.004 to 0.058 ± 0.004 when comparing fed with fasted animals (p \ 0.05, Fig. 4a ). The ratio of pyruvate to alanine increased significantly (p \ 0.005) by 42 % from 0.43 ± 0.03 to 0.61 ± 0.04 (Fig. 4b) . The influence of the injected lactate dose on the formation of bicarbonate, alanine and pyruvate was also investigated: The metabolite ratios were compared to the administered lactate dose and no relationship was observed. There was no influence of repeated lactate injections in the same animal on the ratio of alanine and bicarbonate relative to pyruvate in the fed and fasted situation (Supplemental Figure 2) .
In a separate set of experiments, animals were either fed (n = 3) or fasted overnight (n = 3).
1 H NMR analysis of tissue extracts showed a 78 % decrease in alanine pool size after an overnight fast, from 2.32 ± 0.66 to 0.50 ± 0.27 lmol/g (Table 2 ).
Discussion
In this study, it was shown that hyperpolarized [1-
13 C]lactate is rapidly taken up by resting skeletal muscle in vivo and quickly converted to pyruvate for subsequent oxidation in the mitochondrion. Lactate was chosen since it can be administered at physiological concentrations leaving other metabolic process undisturbed, unlike pyruvate (Yoshida et al. 2007; Gladden et al. 1994) . In this particular study, no physiological changes were observed as a result of the hyperpolarized lactate injection in terms of heart rate, blood pressure, pH, PCO 2 , PO 2 , bicarbonate and glucose levels (Supplemental Table 1 ). The metabolic conversion rate of lactate was however sensitive to a simple alteration of nutritional state. Significant decreases in 13 C labeling of both bicarbonate and alanine were observed after an overnight fast. The absence of 13 C bicarbonate signal in the fasted group is a result of the inhibition of metabolic flux through PDH (Garland et al. 1964; Schroeder et al. 2008) . Increases in the acetylCoA/ CoA ratio or the NADH concentration further inhibit PDH. In general, alanine attained higher 13 C signal intensities compared to pyruvate, as was also observed in the abdomen and the rat heart (Mayer et al. 2012; Chen et al. 2008) . This is attributed to the much larger pool size of alanine compared to pyruvate in both nutritional states Jucker et al. 1997) . It also suggests that the fractional enrichment of the cellular pyruvate pool was high enough to ensure efficient 13 C label transfer into the cellular alanine pool. Contribution to the signal from surrounding organs was expected to be negligible and has been previously discussed .
It has been shown that, after administration of hyperpolarized pyruvate or lactate, there is a rapid exchange of 13 C label between the pyruvate and lactate pools, and that observed changes in 13 C labeling of lactate and pyruvate is representative of the metabolite's pool size at the time of the measurements rather than originating from a net enzymatic flux through LDH (Day et al. 2007; Merritt et al. 2007; Kettunen et al. 2010 ). Since, like LDH, ALT is a reversible enzyme, fast isotope redistribution between the pyruvate and alanine pools implies that the variation in alanine to pyruvate 13 C signal ratio is essentially a consequence of changes in the endogenous relative concentrations of both metabolites. The significant reduction of this ratio observed in fasted fed animals could result from an increase in pyruvate signal, a decrease in alanine signal or a combination of both.
An increase in endogenous pyruvate concentration in the fasted state could be due to inhibition of pyruvate oxidation (Garland et al. 1964) , or due to increased NAD ? levels which shift the LDH-catalyzed reaction towards the formation of pyruvate (Houtkooper et al. 2010) . However, as mentioned above, the slight increase in pyruvate to lactate 13 C signal ratio observed in our experiments was not statistically significant (p \ 0.2). The largely significant decrease in alanine to pyruvate 13 C signal ratio observed in the fasted state is thus most likely mainly a consequence of a decrease of the alanine pool size.
In previous studies where hyperpolarized [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]pyruvate was used as a substrate, a decrease in the 13 C alanine signal was observed in a perfused liver model and in the liver in vivo after a fasting period and this reduction was ascribed to a cellular redox state change and a reduction in ALT activity respectively (Merritt et al. 2011; Hu et al. 2009 ). However, a direct comparison with results obtained using pyruvate as a hyperpolarized substrate is challenging since different metabolite pools are enriched and the reaction pathways and directions probed are different. Asterisks denote statistically significant differences compared to the fed state between metabolite ratios where *p \ 0.05, **p \ 0.005, ***p \ 0.0005, ****p \ 0.00005 Table 2 Alanine concentrations in skeletal muscle of fed and overnight fasted rats with ± standard deviation
Alanine (lmol/g) 2.32 ± 0.66 0.50 ± 0.27
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Moreover, the liver takes up alanine for gluconeogenic purposes while the muscle releases it.
There have been reports of decreased skeletal muscle tissue concentrations of alanine after a 24 h fast (Christop et al. 1971 ) and alanine concentrations were also diminished in overnight fasted animals based on 1 H NMR measurements of tissue extracts in a separate set of experiments (Table 2) . Therefore, a decrease in 13 C alanine labeling can be most likely ascribed to a change in cellular alanine concentration. The endogenous alanine concentration is reduced in fasted muscles because of an enhanced alanine efflux (Macdonald et al. 1976; Felig 1973) .
It is known that during fasting conditions and other situations of negative nitrogen balance, muscle is the major source of carbon and nitrogen for the synthesis of glucose and urea in the liver Mallette et al. 1969 ). In such conditions, amino acid catabolism increases (Odessey et al. 1974) and alanine is the principal amino acid released by skeletal muscle. Moreover, it was shown that the alanine release reflects the rate of de novo synthesis , and changes in alanine synthesis and release are related to pyruvate formation from amino acids , which increases during fasting. Although the formation and efflux of alanine is stimulated during fasting, the decreased hyperpolarized 13 C label transfer to alanine observed in this study is clearly not only dependent on the enzymatic flux through ALT but coupled with changes in fractional enrichments, pool sizes and formation of intermediate substrates. Since these factors are affected in several diseases, such as in diabetes where the release of lactate and alanine is increased Berger et al. 1976) , ketotic hypoglycemia where gluconeogenesis is impaired due to insufficient release of alanine (Pagliara et al. 1972) , or maple syrup urine disease where decarboxylation of amino acids is impaired and alanine levels are three-to tenfold lower (Dancis et al. 1960) , the alanine-to-pyruvate ratio could be a sensitive biological marker for the detection of skeletal muscle metabolic disorders.
The time evolution of the lactate resonance shows a buildup followed by decay and this is different from hyperpolarized acetate injections in skeletal muscle using an identical injection protocol . This difference could be attributed to a different uptake of both substrates. Acetate enters the cell via concentration gradient facilitated diffusion while lactate mainly enters via monocarboxylate transporters and also by free diffusion at concentrations [10 mM (Poole and Halestrap 1993; Juel 1991) . Since the concentrations used in this study were *8 mM, lactate was assumed to enter the cell largely via MCT transport.
The hyperpolarized lactate injections resulted in a fivefold elevation of endogenous lactate (*8 mM) compared to the resting state. Tissue concentrations of lactate can increase up to 10-50 mM in a state of exercise and our injected values are thus within physiological range (Gobatto et al. 2001; Watt et al. 1988) . Lactate was cleared from the blood within minutes (Supplemental Figure 1) . The ability to uptake and process lactate at these concentrations is also reflected by the high K M values for MCT across the cellular membrane which were found to be between 13 and 40 mM (Juel and Halestrap 1999) . MCT1 and MCT4 are the predominant isoforms expressed in skeletal muscle. No dose dependencies were observed in the metabolite-tolactate ratios, which is indicative of lactate transport being proportional to blood lactate concentration and in agreement with the higher K M value compared to the lactate concentrations.
Previous studies in the literature show that after a 24 and a 48 h fast, plasma lactate concentrations decrease but the concentration of lactate in rat skeletal muscle tissue remains unchanged (Goodman et al. 1974 (Goodman et al. , 1990 . In a study using overnight fasted rats, a 30 min infusion of lactate increased plasma lactate levels fourfold but did not increase the plasma concentrations of free fatty acids and alanine (Vettor et al. 1997) . Infusing lactate up to 30 mM did not affect glucose uptake, pyruvate uptake/output, and alanine output in canine skeletal muscle (Gladden et al. 1994) . Therefore, we conclude that the observed changes in 13 C label propagation are a likely consequence of an actual shift in lactate metabolism in skeletal muscle upon fasting.
Conclusions
The significant changes observed in 13 C labeling of bicarbonate and alanine after an overnight fast were attributed to decreased PDH flux and a decrease in cellular alanine concentration. We conclude that lactate can be administered at physiological concentrations without disturbing other oxidative processes and is readily oxidized in resting skeletal muscle. Therefore hyperpolarized [1-
13 C]lactate is well suited for studying carbohydrate metabolism in skeletal muscle in vivo. The ratio of alanine to pyruvate is not only dependent on the enzymatic flux through ALT, but also on changes in fractional enrichments and pool size of intermediates. The fact that alanine concentration changes can be monitored in vivo using an endogenous substrate at nearly physiological concentrations will offer the opportunity to probe skeletal muscle metabolic disorders and to test the efficiency of drugs targeting specific muscular diseases.
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